INTRODUCTION
When Escherichia coli or Salmonella typhimurium growing in minimal medium are shifted to a richer medium, the rate of mass synthesis increases almost immediately to the new growth rate. There is a delay (rate maintenance) before the rate of increase in cell number changes to the new and faster rate (3, 17) . This eventually leads to cells growing in a steady state at the higher growth rate with a larger mass per cell (28) . Woldringh et al. (34) reported the unexpected result that the cell length overshoots the final cell length during a shift-up. The average cell length increases after a shift-up to a value greater than the final cell length and then slowly decreases to the final cell length.
This review presents an explanation of length overshoot in light of a recent explanation of cell wall synthesis during the division cycle (4, 6) . First, our current understanding of murein structure and synthesis in gram-negative bacteria will be described. This forms the basis of the explanation of how the cell wall increases in area during the division cycle. This will be followed by a discussion of the steady-state shapes of bacteria at different growth rates. Once the shapes and sizes of bacteria at different growth rates and how these shapes are produced during steady-state growth are understood, the length overshoot during a shift-up can be explained.
GROWTH OF THE PEPTIDOGLYCAN SACCULUS
The bacterial peptidoglycan is a covalently linked enclosure that holds the cell together against high internal pressures. How does a cell grow, and the peptidoglycan surface enlarge, in the face of such pressures? Figure 1 is a schematic diagram of the murein of a cell. The stretched linkers are at the outside of the cell. New cross-links, which connect the glycan strands that are destined to separate, are in place before the stretched cross-links are broken. The glycan strands go around the circumference of the cell, perpendicular to the long axis of the cell. The peptide cross-links are parallel to the long axis of the cell. Koch (18) proposed that the stretching of the peptidoglycan leads to bends in the bond angles, lowering the energy of activation for the cutting reaction. As the sacculus is stretched by increasing mass, there is a steady decrease in the energy of activation for cutting the cross-links. When a cross-link is cut and new material rises to a load-bearing position, there is an infini-tesimal increase in cell volume, relaxing the stretch on all the other stressed cross-links in the peptidoglycan. With continued growth and cuttings, the cell wall creates a volume that accommodates the cytoplasm of the cell.
A simple way to understand the cell wall is to imagine a balloon made of a special material. As more air is blown into the balloon, the volume and area increase and new material enters the surface of the balloon. Unlike a rubber balloon, in which the stress on the wall increases as the internal pressure increases, with this new type of cell wall new material is continuously added so that the stress on the wall remains constant. The stress on the cell surface remains constant, the pressure inside the cell remains constant, and as the volume expands to just enclose the cell mass, the cell density remains constant. This model of cell growth is consistent with (i) the observation of a constant cell density at different growth rates and at different times during the division cycle (21, 22) ; (ii) the observation of a constant turgor pressure during the division cycle (20) ; (iii) the observed decrease in side wall synthesis during invagination (35) ; (iv) the diffuse, nonzonal incorporation of peptidoglycan in the side wall (35) ; and (v) the direct determination of the ratio of the rate of peptidoglycan synthesis to protein synthesis during the division cycle in S. typhimurium (4) and E. coli (6) . The rate of peptidoglycan synthesis during the division cycle is approximately exponential. A formula describing the rate of synthesis of peptidoglycan during the division cycle has been derived (4) .
CELL SHAPE DURING THE DIVISION CYCLE
During steady-state growth, the cell grows in length while maintaining a constant diameter (1, 23, 35) . The data on this point is convincing. Nevertheless, variations in the diameter of the cell during the division cycle have been proposed. Trueba and Woldringh (30) observed a negative correlation between the cell radius and cell length; the cell diameter decreased as the length increased. An alternative explanation of this observation (pointed out by David Appleby) is that wider cells divide at lower cell lengths. If cell mass or volume were correlated with the initiation of DNA synthesis, then one would expect wider cells to divide at shorter cell lengths. This occurs because the wider cells (in the distribution of cell widths around some mean width) would initiate DNA synthesis at shorter lengths; they can achieve the requisite inititaion volume or initiation mass at these shorter lengths when the cell is wider. Therefore, one would not expect to find many long and wide cells. This analysis predicts a negative correlation between length and width, while the cell diameter, on average, remains constant during the division cycle. For this reason, as well as the experimen- tal problems in determining cell widths and lengths, one cannot conclude that the diameter changes during the division cycle. We can assume that the cell grows with a constant diameter during the division cycle. Cell growth during the division cycle is due solely to changes in cell length. A similar argument about correlated variables will explain some unusual results regarding the rate of peptidoglycan synthesis in constricting and nonconstricting cells.
Structural considerations also suggest that cells grow only in length. The glycan chains are arranged primarily in the hoop direction around the gram-negative cell, i.e., perpendicular to the long axis of the cell (31). These chains are relatively short, and any one chain does not completely encircle the cell (13) . As new chains are inserted between the resident hoop-like glycan chains (2, 7) the cell grows in length. It is difficult to imagine how the cell circumference could vary during the division cycle with the glycan chains arranged in a hoop-like manner around the circumference of the cell.
CELL SHAPE AT DIFFERENT GROWTH RATES
There have been a number of electron and light microscopic measurements of the lengths and widths of cells growing at different rates. Some of these measurements are collected in Table 1 . The lengths and widths at different growth rates are summarized in terms of a shape factor, f, which is the ratio of length to width. If the shape factor is constant, then the cells are the same shape. The data in Table 1 indicate that while there is some variability in shape, the shape is less variable than cell size. Woldringh et al. (33) determined the shape factor for E. c(oli B/rA growing at 17 different rates; the shape factor was constant. The evidence indicates that cell shape is constant but that cell size varies when cells are grown at different rates.
There are some results that do not support the hypothesis that a constant cell shape is maintained at different growth rates (24, 30) ; nevertheless, the shape varies much less than (12, 14, 26, 36) analyzed a model in which circular growth zones are produced at particular times during the cell cycle. These zones grow at rates proportional to the growth rate. Pierucci (24) proposed that new growth zones, with a finite life span, are activated at the initiation of new rounds of chromosome replication. Pritchard (25) proposed that cell wall synthesis was determined by an unregulated gene located near the terminus of the chromosome. A doubling in the rate of surface synthesis was predicted to occur when this gene replicated. The rate of envelope synthesis at each of these zones was assumed to be constant. Another model was proposed by Donachie et al. (10, 11) wherein cells abruptly increased their rate of elongation at a critical length; this length was proposed to be twice the minimal cell length. All these models relied heavily on evidence that the rate of peptidoglycan synthesis was constant in the first part of the division cycle and doubled at mid-cycle (16) . These models were also consistent with zonal growth of the cell surface (27) . One characteristic shared by these models is that a rule is proposed describing how the cell wall grows. The growth of the surface follows this rule irrespective of other syntheses occurring in the cell. Recently, Woldringh et al. (35) proposed that at the start of invagination there is an abrupt change in cell wall synthetic activities from wall synthesis to pole synthesis. They observed that the rate of incorporation of peptidoglycan precursors into the side wall decreased in cells undergoing constriction. None of these models yield an exponential increase in cell volume. As cell mass increases exponentially (5) , one would expect cell cycle variation in cell density.
I have proposed that cell wall is extended in response to the increase in cell mass. The cell can be visualized as a pressure vessel. For each increase in cell mass, the wall growth accommodates the increase by increasing the cell volume (4, 6). The osmotic pressure in the cell, the turgor pressure on the cell wall, and the cell density overall are constant during the division cycle. A formula has been derived for the ratio of the rate of surface synthesis to the rate of mass synthesis (4) . Experimental determinations of this ratio using the membrane elution technique supported the proposed model (4, 6) . Furthermore, this model explained the finding (35) that the rate of side wall growth decreased in constricting cells. The explanation of this unusual result is that the pole grows, and the mass that is not accommodated by pole growth is accommodated by side wall synthesis. When constriction occurs, there is a relief of the stress on the side wall and a decrease in the rate of side wall synthesis. This analysis is consistent with the diffuse, nonzonal incorporation of material into the side wall (35) . The general applicability of this analysis is supported by the report that the rate of side wall synthesis in Bacillus megaterium decreases when cells undergo constriction (8) . This description is an application of the surface stress model of Koch (18) .
Most recently, an alternative proposal by Wientjes and Nanninga (32) suggested that the peptidoglycan of the cell "increased more or less exponentially during the division cycle". They also reported a difference in the rate of peptidoglycan synthesis, as measured by diaminopimelic acid incorporation, in constricting cells compared with in unconstricted cells of the same size. They concluded that there was a sudden change in peptidoglycan synthesis at the start of invagination. While the exponential synthesis is completely in accord with the pressure model of cell wall regulation described above, the observed difference between constricting and nonconstricting cells contradicts the pressure model (4, 6) . This contradictory result can be explained by noting that cells in a population have a diameter that varies around some mean. For a given length, a cell with a larger width will have a larger volume than a cell with a smaller width. This larger cell volume means more mass and more surface area. The rate of peptidoglycan synthesis would be expected to be greater in the larger cells (4) . If cells that are larger form constrictions at the same observed length as cells that do not form constrictions, one would expect to find constricted cells with a greater rate of peptidoglycan synthesis, even though the length of the cells is the same. We see here the same problem of correlated variables that we noted above when analyzing the reported decrease in cell width during the division cycle. Not only would we expect the wider cells to initiate DNA synthesis earlier, but we would also expect the wider cells to exhibit a larger rate of diaminopimelic acid incorporation. Thus, the autoradiographic data on the rates of peptidoglycan synthesis (32) are consistent with the pressure model of wall synthesis (4).
The cell is a pressure vessel in which growth of the surface occurs as a response to the hydrostatic pressure inside the cell. During steady-state growth, there is no variation in cell diameter. When we consider that the cell diameter increases with increasing growth rate, we can apply this pressure regulation of cell surface synthesis to the growth of the cell during a shift-up. THE CONSTRAINED-HOOP MODEL As seen above, the cell grows during steady-state growth by increasing in length with a constant average width or diameter. The mechanism for length extension is easy the visualize because of the insertion of new strands between hoops of glycan chains encircling the cell perpendicular to The radius and length of the cell were then calculated, assuming either a constant shape or a linearly increasing radius (constrained hoop). Finally, the area of the cell was calculated from the length and the radius. As noted in the text, this is an exaggerated example, and any particular set of data could be fit by varying the time and the pattern of radius increase.
the long axis of the cell (2) . Changes in diameter are more difficult to envision. Koch (19) outlined the problems involved in this change. A steady-state, constant-diameter, growing cell can be maintained by having the newly inserted strands inserted in a one-to-one correspondence with the preexisting material encircling the cell perpendicular to the long axis. As more hoops of peptidoglycan made up of relatively short lengths of glycan chain (13) are inserted into the cell wall between the resident hoops, the cell grows in length. When the diameter increases during the increase in the growth rate of a culture, there must be a greater circumferential length of new peptidoglycan in the hoop direction compared with the circumferential length of old peptidoglycan made before the shift-up. It is proposed here that the cell slowly accommodates its diameter to the new cell size. During a shift-up, the rate of mass synthesis changes immediately and requires a concomitant immediate increase in the cell volume to maintain a constant density (22) and turgor pressure (20) . The only way for a cell to grow is for it to increase in length. The cell is like a balloon that is constrained in a tube of constant diameter. If air is inserted while the balloon is prevented from expanding in circumference, the balloon must extend its length; so it is with bacteria. The relatively slow increase in the radius of the cell leads to an overshoot in the length of the cell.
The increase in length and area of a cell during a shift-up with a linear increase in the radius over a period longer than 60 min have been calculated. The results shown in Fig. 2 Pritchard suggested earlier (25) that "the resistance of the cell to expansion in girth" is assumed to be "greater than its resistance to expansion in length". This suggestion was accompanied by a proposal that there is a doubling in the rate of cell wall synthesis at some time during the division cycle. Systematic changes in the hydrostatic pressure inside the cell were postulated. No relationship between the cell growth pattern and the increase in cell volume was proposed.
WHY CONSTANT SHAPE?
The question of how the bacterial cell determines its shape may best be answered by understanding why, once a particular shape is chosen, the cell maintains that shape at all growth rates and not by understanding why a particular shape is chosen. Why does the cell, upon increasing its growth rate, change its radius to accommodate a larger volume? It could be that the radius, which the cell has such difficulty in changing, remains constant at all growth rates. Only the cell length would then change to accommodate the increased mass per cell at higher growth rates. There may be an optimal relationship between the length and the width (or, more likely, between the areas of poles and side walls) that is best for a cell at all growth rates.
To summarize, the shape of the cell during steady-state growth and during a shift-up may be explained in terms of the arrangement of peptidoglycan chains around the surface of the cell. The cell surface expands to just enclose the mass of the cell with a constant density and a constant turgor pressure. During steady-state growth, the cell grows with constant diameter. During a shift-up, the slow accommodation of the cell to a new radius leads to an overshoot in cell length. The decrease in cell length after the overshoot is not due to a contraction of the individual cells. Rather, it is due to a rapid rate of cell division with a slight decrease in the rate of cell elongation. This decrease in the rate of cell elongation occurs because the increasing diameter of the cell allows the cell mass to be accommodated without a concomitant increase in cell length. Furthermore, no proposal is made here as to how the cell chooses a particular length or diameter at a given growth rate. What is conjectured here is that the cell chooses its final cell shape, and that cell shape-the width-to-length ratio-is the same at all growth rates.
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